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Abstract

This talk provides a brief summary of the first conference devoted entirely to magnetic
Stol'ills.  “1’epics cover the relevant phenomenaatthe sun/corona, propagation of these
structures through interplanetary space, the response of the magnetosphere to interaction
with these interplanctary struct ures, the formation of the stem time ring current (in
particular the oxygencontent of the ring-current), and stormionospheric effects and ground
based effects.  The Conference was held in Pasadena, California, at the Jet 1'repulsion
1 .aboratory, 12- 16 February 1996. A complemen tary summary is provided by Gonzalez et
al.in EOS,1996. ‘] ’']-ic full set of review articles willbe publishedinan AGU monograph
and many of the contributed articles will appear in a special scction of the Journal of

Geophysical Rescarch, Space Physics.

INTRODUCTION

Over 1007 talks were presented at the Chapman Conference on Magnetic Storms. The
mvited talks have been written up and will be published in an AGUJ mono graph. Many of
the contributed papers willbe published in aspecial section of the JGR. Because of the
limited space for this article, we canonly review afew important papers presentedatthe
meeting, and we will not attempt to be thorough in any sen se. A complementary review
has been written by Gonzalez et al. (1990) for 12 OS. which has a broader scope than this
article. w ¢ suggest that the reader go to the original papers for further detail s. They

should be published within months of the appcarance of this review.,
RESULTS

One of the fundamental new solar observations pertaining to magnetic storms 18 shown in
Figurel. } 1, Hudsonhasfound evidence in Yohkoh soft x-ray images for coronal mass
gections, The “initial” condition is given inthe top image. 111 the bottomimage foralater
time interval, the complex set of loops has brightenedand extended while the region above
the loops is darkened. The latter indicates that the masspresentinthis area has decreased

and most probably has been-exp~+Iscd into interplanctary space.
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During solar maximum, when the sun has the most number of sunspots and is the most
active, the “fast” coronal mass cjections are related to the most intense magnetic storms.
By “fast”™ we mean having velocities over 500 km s™'. The fast events contain (wo basic
regions where the magnetic ficlds have intensitics >10 nT (the typical interplanctary
magnetic field is 3-8 nT). The first is the driver gas region, whose ficlds can vary form 10-
60 n'T. This region is typically low beta, ~0.1. A second region is the compressed sheath
speed ahead of the driver gas. The strength of the field in this region depends partdy on the
strength of the forward shock bounding its anti-solarward extent  (the  magnetic
compression is proportional to the shock Mach number). A schematic of both driver gas

and sheath is given in Figure 2.

Table I gives the interplanctary requisites for creating an intense magnetic storm at Farth.
First. the interplanctary magnetic field must be intense. Secondly, the field direction must
be opposite to that of the Earth’s magnetopause ficlds, or southwardly directed. Third, the
southwardly directed fields must last for several hours.  Statistically these three requisites
have been found to occasionally occur during solar ejecta events with above average solar
wind speeds (Vi > 500 kim/s). Although the velocity is a main parameter in the cross-tail
clectric field [(E = 1/cV x B)], the magnitude of solar wind velocity variation is smatll
compared to the variation in B, The solar wind speed only varies by a factor of 2-3, while

B can vary from 0 to 60 nT.

The driver gas sometimes hasa significant southward component. These typically occur in
whathave been called magnetic clouds.  The most likely configuration is that of a flux
rope, shown in Figure 3. The flux rope con figuration has a north-south or south-north
orientation. The southward field causes storm main phases th rough magnetic reconnection,
and the northward component, gcomagnetic quict.  Only once in six high-speed solar cjecta
events have a magnetic cloud configuration leading to a magnetic storm. however.  The
other Sout Of 6 events have complex field structures. The magnetic tongue configuration
of Gold (1962) was recently sought in the ISEE-3 data. However, nonc was found out of

S7solar gjectaevents occurring in 1978-1979.

‘There have been a number of possible mechanisms for southward sheath ficld orientations.
Some of these are shown in Figure 4. We refer the reader back to the original articles. One
comment should be made about magnetic field draping [items d), ¢) and {)]. The main

sheath draping mechanism discussed by Midgley and Davis (1963) and Zwan and Wolf




(1 976) arc caused by squeezing of plasma out of the ends of the lines of force, Icaving a
low beta plasm. This is the cause of the “depletion layer™ found near the carth’s
magnetopause. Since total pressure is maintained across the sheath, such field draping can
be observed by anincrease in the sheath magnetic field strengths (pressure) asthe object
boundary is @pproached.  This phenomena is quite noticcable in the data o f the
magnetoshe aths of large planctary systems, such as at Jupiter and Saturn, and also at
comets. However, the amountof this type of draping is of a much smaller magnitude
bounding solar ejects. The field increase is typically less than20%. Another type of
draping gives north-south field components.  One mechanism has been proposed by
McComas ctal. (1989) and another was that proposed by Odstreil (1996) for hi:h-speed
interaction with the heliospheric current sheet (HCS). The figures are sel f~explanatory. It
is notknown at present how often the latter mechanisms occur,andhow geoeffective these
are (1 large B¢ compone ntn ceds to be creat ed, and the stru ctures need to be large to ha ve

long duration fields imposcd on the magnetosphere).

The statistics of the occurrence of magnetic storms on solar ejecta and interplanctary shocks
arc given in Table 2. The statistics for “big” storms with § <Kp <9 (cquivalent
to D, < -200 n7T) is highly correlated to shocks (from Gosling etal.. 1991).  This
dependence decreases with decreasing storm intensity. The values for storms of intensitics
<-100 0T, -100 nT £ D, < -50 nT,and -80 nT <D, <-30 n’l are given.  The bottom
panel shows the interplanctary relationship for storms with D¢, intensities between -100 n'l’
and -50 nT.

Descending Phase of the Solar Cycle

The causes of storms during the descending phase of the solar cycle are different. Polar
coronal holes migrate to low latitudes during this phase of the solar cycle. It has been
shown by Ulysses that high speed streams of velocity ~750-800 kny &' emanate {rom
coronal holes. Since these structures are often long lasting, the streams “corotate™ with the

solar rotation period of ~27 days.

Figure 5 shows anunusual €C) K)110! holeof Mayld. 1992 taken by Yohkoh soft x-ray

instrumentation. This coronal hole (the dark region)appears to go from pole to pole.

An example of a stream interaction with the upstream slow speed stream is shown in Figure

6. The tenuous high-speed stream interacts with a high density low-speed stream




associated with a heliospheric current sheet at ~0600 UT day 177.  The interaction fores a
compressed region of magnetic fields, called a corotating interactionregion (Cl R ). In this
case, the CIR has not formed either forward or reverse shocks at its boundaries, so we call
this aproto-CIR. It extends from 00 UT day 177 to 00 UT day178. Peak ficld

magnitudes reach 20-25 n'T.

The gecomagnetic activity inl), has a different signature than that of storms occurring
during solar maximum. Because there are rare ly forward shocks bounding proto-CIRs at 1
A 'l , there are no storm sudden nmpulses (storm sudden commencemen ts). The initial
phase (magnetospheric compression) is caused by high density plasma of the 1 ICS
plasmashect impinging upon the magnetosphere.  This is considerably different than the
physical causes of storm initial phases associated with fast solar ejecta occurring during
solar maximum. In this case, the storm main phase 1s small and highly irreg ular in profile.
This is caused by the irregular B, stracture within the CIRs.  Although southward
compone nts as large as -15 n’l" are present, the duration of these intervals are short, not

allowing for an intense magnetosphericring currentto develop.

The gcomagnetic activity caused by proto-CIRs is givenin Table 3.1t is noted that intense
storms did not occur gt all during 1 974 duc to proto-Cl R/magneto spheric interactions.

CIRsonly produce recurrent, 111 o(icMc stormactivity atbest.

Table 4 itHustrates that the average value of AL during 1974 is larger (283 nT') than that for
cither 1979 (221 nT) or 1981 (237 nT), the latter two being solar maximum years.  ‘1he
reasonfor this is the presence of large amplitude Alfvén w aves in the coronal hole streams.
Since t\\ ' () streams(one fl’0il] the northandone fromthe south) {"C'I'L" presentthroughmuch

01~ 1973-1975, the carth’s magnctosphere was continuously bombarded by such field
fluctuations.  Figure 7 illustrates t h e Alfvén wave B, variations and concomitant Al
(substorm) increases. Substorms occur with cach interplane tary B, event through the

process of magnetic reconnection.
Ring Current
The storm time ring current is dominated by oxygen ions.  Figure 8 gives the percent

oxygen ion energy density (middle panel) as a function of D, (bottom panel). The event

was recorded by CRRES on March 23, 1991 and is for the outer ring current (1. = 5-7).




The percentage of oxygen ion cnergy density is expected to be even higher in the main

portion of the ring current (1. = 2-3). The figure comes from Daglis (1996).

Figure 9 from Daglis, et al. (1994) demonstrates that oxygen ion upwelling from the
1onosphere, also occurs during substorms (left panel). The more intense the substorm. the
greater the magnetospheric oxygen energy density. The same relationship is not present for

the Hed+ jons.

Hamilton (1996) using AMPTE/CCE ion measurements, has shown that the ring current
exhibits a solar cycle dependence. This is shown in Figure 10, From left-to-right. the
three panels are the relative jon energy densities for quict intervals during solar minimum,
storm-time intervals  during solar minimum, and storm-time intervals  during  solar
maximum. The energy range measured is 1-300 ke V/e (the bulk of the ring current) and
the region from 1.=3-5. During solar minimum, hydrogen ions totally dominate. For an
average storm intensity of Dy, = -102 nT, oxygen contributes 20% of the energy density.
For the Dy, = -93 nT storm of January S. 1989, the Ot cnergy density reached 44 %.
Hamilton (1996) also demonstrated that the solar F10.7 radio emission (a proxy for solar
EUV emission) increased from solar minimum to solar maximum (not shown). and
therefore he has postulated that the larger jonospheric scale heights at solar maximum

“enhances the O1 contribution to the storm-time ring current”.

Frank et al. (1996) has shown that GEOTAIL. CPI ion distribution functions have unusual
features that contain memory of ion beamns coming from the ionosphere-proper or from
above-ionospheric heights.  Such distributions are given in Figure 11, An interpretive
cartoon 1s shown in Figure 12, One possible interpretation that we mention here s that
upwelling oxygen ions get accelerated to 3-5 kV by substorm paraliel electric fields. These
substorms occur during the stormy main phase. and are thus an integral part of the storm
dynamics.  The ions which flow out to the distant plasmasheet are then subsequently
convected inward to low 1, shells and are energized to 10-300 keV by the storm large scale

convection clectric field to form the main part of the ring current.

The energy flow in the ionosphere 1s given inFigure 13, taken from Proclss (1996). The
plasma gains a velocity drift due to the penetration of the solar wind 'V x B clectrie field

mto the magnetosphere. The Fx B drift imparts kinetic energy into the exospheric plasma.

Plasma-neutral collisions lead to acceleration and formation of neutral winds and also to an




increase into neutral temperature (via collisional heating).  Magnetospheric and ionospheric
plasma instabilitics lead to precipitation of particle energy at ionospheric heights in the

auroral zone and to further heating of both the ionized and neutral atoms and molecules.

‘The density variations at 300 km altitude in auroral regions show significant modifications
during storms and substorms. Figure 14 gives a satellite pass during substorm activity,
Note that the major constituent N, increases in spite of the temperature enhancement.
Continuous upwelling will eventually set up a vertical circulation cell of the Hadley type.
The upward velocity has to increase in proportion to the decreasing density of the major
gas. Since the particle flux of the major gas N, is approximately constant with height, this
will lead to a depletion or enhancement (depending where) of the minor gas. Note the O

and e densities decrease in the Figure.

Magnetic storms also have disastrous consequences for power transformers on the ground.
Figure 15 is a picture of a large transformer that was damaged during the March 1989
superstorm (from Kappenman, 1996). The nuclear plant transformer was one phase of a
1200 MV A bank that exists on the Delaware river in New Jersey. The loss of production

from the plant cost customers up to $400.000 per day during the 6 week outage.

Figure 16 shows the internal damage of this transformer.  Although the large copper
strands were rated at 3000 amperes, the saturation of the steel core created stray flux that

created hot spots and the consequential meltdown.

Minnesota Power performed statistical analyses of transformer failures across the U.S.
between 1968 to 1991 and found that the failure rates were 48 to 60% higher in the upper
midwest and New England arcas in comparison to the rest of the U.S. The mechanism for
the strong induced current causing the damage is shown in Figure 17, The intense
ionospheric electrojet currents (at ~100 km altitude) descend 1o lower latitudes during storm
conditions. lLarge currents are induced in the conducting sea water. When adjacent power
systems on land are located over high resistivity igneous rock, the induced currents enter

and exit power systems through the transformer neutral grounding points.
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. Intense Interplanetary Magnetic Fields (IMFs)
e Intense IMF By Values
. Long Duration (hours) of Bg

. Above Average Solar Wind Velocity (Vg,)

Table 1




ISEE-3 Statistics During Solar Maximum

Storm Type E'\\'/% n‘t’; Definition Association
i with-Shocks——m——
» Dy <-200nT 100%
ntense 10 Dgr <-100 NT 80%
|\/|oder<_3_tte 40 -100 nT < D¢, <-50 nT 45047

Interplanetary Association of Moderate (-100 nT <D¢; <-50 nT) Storms
ISEE-3 (Aug 1978- Dec 1979)

40% Shocks

23% High-speed streams without shocks

17% High-Low speed stream interactions

10% NCDEs

10% Other (including Alfvénic fluctuations)

Table 2
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Geomagnetic Activity Can be Higher Durina Solar
Minimum Than During Solar Maximum

Solar Minimum

Solar Maximum

AE.,, =247TnT Dg ., =-14nT
AE. ., =283 nT 537 o7 =—14NT
AE,;, = 224 nT BST’ s =—10nT

AE,,, = 221 nT Dg o =—16nT

1990 = 180 nT EST, 1080 - —11nT

AE., = 237 nTD_ - _oanT

1981 ST. 1981

Table 4




FIGURE CAPTIONS
Figure 1. Evidence of a coronal mass ejection in Yohkoh soft-x-rays.
Figure 2. A schematic of the interplanctary features due to a solar ¢jecta event,
Figure 3. Driver gas magnetic ficld configurations,
Figure 4. Sheath magnetic field configurations.
Figure 5. An unusual coronal hole imaged in soft x-rays. Courtesy of B. Jackson.

Figure 6. Corotating stream interaction with a HCS plasmasheet, and the formation of a
proto-CIR.

Figure 7. The relationship between the B, portion of Alfvén waves and AL
1 ‘igure 8. The oxygen ion ring-current energy density as g function of storm-time D,
Figure 9. The Oxygenand Het+ionenergy densities as a function of AL

Figure 10, Ring-current ion encrgy densities for solar-minimum quict, solar-minimum

storm conditions and solar- maximastorm conditions.
Figure I 1. GEOTAIL, CPLion distribution functions.

1 ‘igure 12. Aninterpretive schematic of the ion dist ributions functions shown in Figure
11

Figure 13, lonospheric/upper atmospheric plasma/neutral processes occurring during

storms,

1 9gurc 14. Velocity, temperature and densit y vartations at 300 km altitude at auroral

latitudes during substorms.
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Figure 15. A transformer for a New Jersey nuclear power plant that was damaged in the
March 1989 superstorm.

Figure 16. Inteinal damage of the transformer.

14gure 17.The coupling of storm-time ionospheric currents and power lines.
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Figure 1
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Driver Gas Fields

a) First version of
magnetic clouds @
Klein and Burlaga, 1982

b) Fluxropes
Burlaga et al., 1990

c) Magnetic tongues
Gold, 1962

Figure 3




Figure 4

d)

f)

9)

Sheath Fields

Shocked southward fields
Tsurutani et al., 1988a

Heliospheric current sheets
Tsurutani et al., 1984

Alfven waves and turbulence
Tsurutani et al., 1995b

Draped magnetic fields
Midgley and Davis, 1963
Zwan and Wolf, 1976

Field draping
McComas et al., 1989

Equinoctial By effect
Russell and McPherron, 1973

Fast stream-HCS plasmasheet
interaction
Odstrcil, 1996
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Figure 8

CRRES orbits 0586-0592
Jote: 23.03.91 D(*)Y: 08?

Erergy range: 20.0-4.76,0 keV
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Jan. 5, 1989 Storm

Solar Maximum

Quiet Average
Solar Minimum

_ Storm Average
L =35 Solar Minimum

r
Il

L=35 3-5

100

u_ = 40.2 keV/iem® u =166 keVicm® U, = 184 keVicm® -

total total total

73.4% -

Percent of Total

0.70% 0.18% 0.77% 0.37% 0.82% 1.24% 0.86% 0.67% 1.91% 0.36% 1.30% -

He+ Hers 0t+ He+ He+s o+t

Species Species Species

He O+ N+ He+ He++ o

Figure 10




{1 Pansiyg

o Ot S 1100 -

" 30:G0b |-
£1:90% vV 2IG03! v

SCP 0P,

" SOOI ) O
0 COP v SS:OP!

5 0Ol —
22

¥ n2si0m-

LOIXZ
ﬂ 051004

A

el i SNOILNEIYLSIA 3TONV HOlia NOLONG

B 5 G661 AV ¢
c2-0 i {aH-1dD) ¥3=ATVNV VASY 4 LCH

= gWNO/eS “(A); SIV1039

l



INTERPRETIVE DIAGRAM FOR PLASMA PHENOMENA

OBSERVED INTHE NEAR-EARTH PLASMA SHEET (~ IO R)
WITH THE GEOTAIL SPACECRAFT

AV = 0% ION OUTFLOW,
Av=  100-300 v p~3_5 key

COUNTER-STREAMING
ELECTRON BEAMS,
100-300 eV

AURORAL
ARCS

ANISOTROPIC

PITCH ANGLE
DISTRIBUTIONS

WITH ‘"MEMORY' OF
PREVIOUS ACCELERATION;

4
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Figure 12




Figure
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Figure 17




